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HIGHLIGHTS 


►  Thin  films  of  redox  polymer— laccase  composite  are  electrodeposited  onto  carbon  electrodes  under  mild  conditions. 

►  The  deposited  films  catalyze  the  electroreduction  of  02  at  an  operating  potential  of  0.58  V  (vs.  Ag/AgCl). 

►  The  deposited  films  show  excellent  performance  in  terms  of  02  electroreduction  current  density  and  stability. 
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In  this  report,  it  is  shown  that  novel  thin  films  of  Os(dcbpy)2  (dcbpy  =  4,4'-dicarboxylic  acid-2, 2'- 
bipyridine)-based  redox  polymer-laccase  composite  can  be  electrodeposited  onto  carbon  electrodes 
under  mild  conditions.  In  a  nutshell,  the  exchange  of  the  inner-sphere  Cl-  of  the  Os(dcbpy)2Cl+^2+ 
complex  tethered  to  partially  quaternized  poly  (4-vinylpyridine)  (PVP)  by  a  pyridine  ligand  of  a  second 
PVP  chain  leads  to  cross-linking  and  deposition  of  the  redox  polymer.  Laccase,  which  has  coordinatively 
linkable  functions  of  amines  and  histidines,  is  readily  incorporated  in  the  electrodeposited  redox  poly¬ 
mer.  Because  the  reaction  centers  of  the  co-deposited  laccase  are  electrically  connected  to  the  electrode 
through  the  deposited  redox  polymer,  the  electrodeposited  film  can  catalyze  the  electroreduction  of  02 
at  0.58  V  (vs.  Ag/AgCl)  -  the  least  reducing  potential  for  highly  efficient  four-electron  reduction  of  02  in 
pH  5.5  0.10  M  phosphate  buffer  solution.  Furthermore,  the  electroreduction  of  02  is  found  to  be  02 
transport-limited  when  the  reduction  potential  is  poised  at  >120  mV  more  reducing  than  that  of  the 
reversible  02/H20  couple.  This  composite  film  could  be  an  excellent  candidate  for  uses  as  cathode  in 
enzymatic  biofuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Biofuel  cells  convert  the  chemical  energy  of  a  biofuel  into 
electrical  energy  by  means  of  biochemical  pathways  [1—3].  A 
variety  of  approaches  have  been  proposed  in  the  operation  of  the 
biofuel  cells  [1—9].  In  addition,  a  number  of  high  energy  density 
biofuels,  such  as  methanol,  ethanol,  and  sugars,  have  been  tested  in 
the  biofuel  cells.  Amongst  them,  the  glucose-02  enzymatic  biofuel 
cells,  where  glucose  is  electrooxidized  to  gluconolactone  at  the 
anode  and  O2  is  electroreduced  to  water  at  the  cathode,  are  the 
most  studied  [1-5,10-12].  Unlike  other  types  of  fuel  cells,  the 
enzymatic  biofuel  cells  are  expected  to  be  operable  under  mild 
physiological  conditions  [6,12].  More  importantly,  they  are  highly 
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miniaturizable  because  they  can  be  operated  in  a  compartment¬ 
less  manner  [13-15].  Although  their  energy  conversion  efficien¬ 
cies  are  usually  not  as  high  as  other  biofuel/biomass-based  energy 
conversion  devices,  the  enzymatic  biofuel  cells  can  potentially  be 
the  energy  sources  of  implanted  biomedical  devices  since  the 
biofuels,  such  as  glucose  and  O2  required  for  their  operation,  can 
feasibly  be  drawn  from  their  immediate  environment  [15].  The  first 
example  of  the  enzymatic  biofuel  cells,  employing  glucose  oxidase 
to  oxidize  glucose  at  the  anode,  was  constructed  in  1962  [16]. 
Although  great  progress  has  been  made  in  the  past  20  years, 
a  number  of  challenges  remain  to  be  addressed.  These  include 
relatively  short  lifetime,  low  power  output,  and  poor  biocompati¬ 
bility.  For  instance,  most  of  the  proposed  enzymatic  biofuel  cells  are 
capable  of  meeting  the  demands  of  implanted  medical  devices  for 
short  term  applications  of  only  up  to  days,  whereas  lifetime  in  the 
order  of  weeks,  months,  or  even  years  would  be  required  for 
powering  implanted  medical  devices  [1—5].  The  low  power  output 
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is  largely  due  to  the  fact  that  in  most  of  the  glucose-02  biofuel  cells, 
the  O2  cathode  is  often  the  limiting  factor  in  determining  the 
current  density  due  to  the  much  lower  concentration  of  O2  in 
aqueous  solutions  and  biological  fluids.  Besides,  the  turnover  rates 
of  the  immobilized  enzymes  are  normally  lower  than  those  found 
in  their  corresponding  natural  systems  [17,18].  To  address  these 
problems,  wired-enzyme  technology,  where  a  mediating  species  is 
chemically  bound  to  a  polymer  backbone  (redox  polymer)  and  to 
the  enzyme  in  a  manner  that  allows  close  contact  between  the 
redox  centers  of  the  enzyme,  has  been  developed.  By  bypassing  the 
natural  route,  the  redox  polymer  serves  to  “electronically  wire”  the 
enzyme  to  facilitate  a  free  flow  of  electrons  from  the  enzyme  to  the 
electrode  via  the  mediator  [5,19].  On  the  other  hand,  the  direct 
adsorption  of  some  enzymes,  including  laccase,  onto  the  surface  of 
an  electrode  without  their  “wiring”  also  allows  flow  of  electrons 
[20,21  ].  Nonetheless,  the  transfer  of  electrons  from  the  electrode  to 
the  adsorbed  enzyme  requires  the  orientation  of  the  active  sites  of 
the  enzyme  to  be  toward  the  surface  of  the  electrode.  Since  only 
a  small  fraction  (<2%)  of  one  monolayer  of  the  randomly  oriented 
enzyme  is  appropriately  oriented,  the  current  density  that  is 
reached  does  not  approach  that  of  the  wired-enzyme  electrode  and 
this  limits  the  practical  value  of  the  biofuel  cells  employing  the 
adsorbed  enzymes.  The  reason  for  the  much  higher  current  density 
for  the  former  is  that  in  the  redox  hydrogel,  the  enzyme  does  not 
need  to  orientate  itself  relative  to  the  surface  of  the  electrode;  all 
reaction  centers  are  wired  to  the  electrode  through  the  redox 
centers  of  the  hydrogel  in  a  three-dimensional  manner  with  its 
mobile  segments  approaching  the  enzyme’s  reaction  centers. 
Furthermore,  not  one  layer,  but  multiple  layers  of  enzyme  in  the 
three-dimensional  volume  of  a  hydrogel  are  brought  into  electrical 
contact  with  the  electrode  [19].  A  number  of  enzyme  electrodes 
and  biofuel  cells  have  been  fabricated  based  on  this  technology  [1- 
5].  Both  the  current  density  and  stability  of  such  devices  have  been 
improved  substantially.  However,  an  important  consideration  for 
the  future  development  of  the  enzymatic  biofuel  cells  is  about 
developing  new  immobilization  strategies  that  are  appropriate  for 
the  construction  of  highly  stable  miniature  biofuel  cells  which 
require  the  precise  control  of  film  deposition  on  spatially  discrete 
electrode  areas.  Electrochemical  immobilization  provides  an 
elegant  alternative  for  the  one-step  deposition  of  enzymes  on 
a  small-area  electrode  of  defined  geometry  [22-24].  Such  immo¬ 
bilization  provides  a  simple  but  versatile  approach  for  controlling 
the  amount  and  spatial  distribution  of  the  deposited  film  and  is 
especially  applicable  to  the  construction  of  micrometer-size  biofuel 
cells.  To  date,  the  majority  of  such  studies  have  focused  on  the 
immobilization  of  enzyme  in  electrochemically  generated  con¬ 
ducting  polymer  matrixes.  However,  they  could  pose  serious  diffi¬ 
culties  in  practical  applications  since  there  is  no  direct  electron 
transfer  between  the  enzyme  and  the  conducting  polymer  back¬ 
bone.  Hence,  either  a  mediator  or  a  high  potential  is  needed  to 
monitor  the  enzymatic  reaction. 

In  this  report,  we  focused  on  the  immobilization  and  optimi¬ 
zation  of  a  laccase-mediator  pair  to  function  optimally  as  an  O2 
reduction  cathode  for  the  enzymatic  biofuel  cells.  A  novel  redox 
polymer  containing  osmium-4, ^-dicarboxylic  acid-2, 2'-bipyridine 
(dcbpy)  complex  was  chosen  as  the  electron  mediator  (wire).  The 
redox  polymer  displayed  good  kinetics  and  excellent  mediating 
power  with  respect  to  laccase.  More  importantly,  this  redox  poly¬ 
mer  and  laccase  can  be  electrochemically  co-deposited  onto 
a  carbon  electrode,  thus  forming  an  insoluble  film  with  laccase  on 
the  carbon  electrode  via  coordinative  cross-linking.  The  resulting 
redox  polymer-laccase  composite  film  showed  excellent  perfor¬ 
mance  in  terms  of  O2  electroreduction  current  density  and  stability, 
opening  new  perspectives  for  the  enzymatic  biofuel  cells  operating 
at  higher  current  density  with  better  stability. 


2.  Experimental  section 

2.1.  Reagents  and  apparatus 

(NH4)20sC16,  poly  (4-vinylpyridine)  (PVP)  (Mw  60,000),  and 
laccase  were  purchased  form  Sigma-Aldrich  (St  Louis,  MO)  and 
purified  following  a  published  procedure  [25].  Os(dcbpy)2Cl2  was 
synthesized  from  (NH^OsCle  followed  the  procedure  proposed  by 
Lay  and  co-workers  [26].  The  redox  polymer  used  in  this  work  was 
partially  quaternized  PVP  (QPVP)  pyridine-complexed  with 
Os(dcbpy)2Cl+/2+  (QPVP-Os).  The  quaternization  is  meant  to 
increase  its  solubility  in  water  and  to  maximize  laccase  loading 
through  the  formation  of  additional  electrostatic  adducts  during 
electrodeposition.  Synthesis  of  the  polymer  was  described  else¬ 
where  [27].  The  structure  of  the  redox  polymer  is  given  in  Fig.  1.  A 
0.10  M  phosphate  buffer  solution  was  used  as  the  supporting 
electrolyte  for  electrochemical  tests.  The  pH  of  the  phosphate 
buffer  was  adjusted  by  adding  an  appropriate  amount  of  phos¬ 
phoric  acid  or  sodium  hydroxide.  All  solutions  were  freshly 
prepared  with  ultrapure  water  and  certified  analytical  reagents 
from  Sigma-Aldrich. 

Electrochemical  experiments  were  carried  out  using  a  CH 
Instruments  Model  760D  electrochemical  workstation  (CH  Instru¬ 
ments,  Austin,  TX).  A  three-electrode  system,  consisted  of  a  carbon 
working  electrode,  a  BAS  micro-Ag/AgCl  (KC1  saturated)  reference 
electrode  (Bioanalytical  System,  Inc.,  West  Lafayette,  IN)  and 
a  platinum  wire  counter  electrode,  was  used  in  all  electrochemical 
experiments.  An  analytical  rotator  (Pine  Instrument  Company, 
Grove  City,  PA)  was  used  to  control  convection  processes  when 
needed.  Electrodeposition  of  the  redox  polymer-laccase  composite 
film  was  performed  in  a  home-made  small  volume  (1.0  mL)  elec¬ 
trochemical  cell.  All  potentials  reported  were  referred  to  the  A g/ 
AgCl  reference  electrode. 

2.2.  Electrodeposition  of  redox  polymer-laccase  composite  film  on 
carbon  electrode 

The  electrodeposition  of  the  redox  polymer-laccase  composite 
film  on  a  carbon  electrode  (glassy  carbon,  screen-printed  carbon, 
wax-impregnated  graphite,  and  carbon  cloth)  was  carried  out  as 
previously  described  with  slight  modification  [23].  Briefly,  square 
waves  between  -0.2  and  1.2  V  were  applied  to  an  O2  plasma- 
treated  carbon  electrode  in  a  pH  7.4  0.10  M  phosphate  buffer  con¬ 
taining  1.0  mg  mL-1  redox  polymer  and  2.0  mg  mL-1  laccase  under 


Fig.  1.  Chemical  structure  of  the  redox  polymer  used  in  the  preparation  of  the  redox 
polymer-laccase  composite  film. 
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ambient  conditions.  After  the  electrode  was  removed  from  the 
depositing  solution  and  thoroughly  rinsed  with  water,  it  was  dip¬ 
ped  in  the  pH  7.4  phosphate  buffer  and  treated  with  potential 
cycling  between  -0.2  and  0.8  V  until  a  steady-state  voltammogram 
was  attained.  Thick  films  could  be  deposited  on  the  electrode  by 
extending  the  number  of  the  square  waves.  It  has  been  shown  that 
various  functional  groups  such  as  hydroxyls  and  carbonyls  are 
among  the  possible  oxidation  products  on  the  carbon  electrode 
surface  [28].  It  is  likely  that  the  carbonyl  groups  convert  the  neutral 
carbon  electrode  to  a  somewhat  negatively  charged  one.  Therefore, 
electrostatic  interaction  helps  to  attract  and  retain  the  redox 
polymer  on  the  electrode  surface  and  provides  a  high  concentration 
of  the  redox  polymer  necessary  for  the  electrodeposition. 

3.  Results  and  discussion 

3.2.  Electrochemistry  of  the  redox  polymer-laccase  composite  film 

Fig.  2  shows  the  voltammograms  of  the  redox  processes  of 
Os(dcbpy)2Cl2  complex  and  the  QPVP-Os  redox  polymer  in  solu¬ 
tion.  Upon  substitution  of  the  inner-sphere  Cl-  of  Os(dcbpy)2Cl2  by 
the  polymer-bound  pyridine,  the  redox  potential  was  shifted 
positively  by  about  100  mV.  As  discussed  by  Lever  [29],  the  more 
strongly  a  ligand  withdraws  electrons  and  coordinates  to  the 
osmium  ion,  the  greater  is  the  positive  shift  of  the  redox  potential. 
Thus,  the  100  mV-shift  is  caused  by  the  stronger  electron  withdraw 
property  of  the  pyridine  ligand.  As  seen  in  Fig.  2,  the  only  obvious 
electrochemical  process  between  -0.2  and  +1.0  V  is  the  reduction- 
oxidation  of  the  Os(III)/Os(II)  couple.  Fig.  3  shows  the  steady-state 
voltammogram  of  the  redox  polymer-laccase  composite  film  at 
10  mV  s_1  in  a  thoroughly  deoxygenated  0.10  M  pH  5.5  phosphate 
buffer  at  37  °C.  Its  voltammogram  is  characteristic  of  a  polymer- 
bound  osmium  complex  with  an  apparent  redox  potential 
of  +0.58  V.  When  a  fresh  redox  polymer-laccase  composite  film 
was  subjected  to  potential  cycling,  a  pronounced  tailing  of  the 
voltammogram  was  observed.  With  increasing  number  of  potential 
cycles,  this  tailing  gradually  disappeared  and  a  well-defined  steady- 
state  voltammogram  was  obtained.  Thereafter,  little  change  was 
observed  during  extended  potential  cycling  up  to  2  h.  This  behavior 
of  the  fresh  film  may  be  due  to  the  reorganization  of  the  redox 
centers  in  the  film.  As  illustrated  in  Fig.  3,  the  redox  polymer- 


Fig.  2.  The  cyclic  voltammograms  of  (1)  0.50  mg  mlr1  Os(dcbpy)2Cl2  and  (2) 
2.5  mg  mL-1  QPVP-Os.  3-mm  Diameter  glassy  carbon  electrode  in  pH  7.0  0.10  M 
phosphate  buffer,  potential  scan  rate  100  mV  s'1. 


Fig.  3.  The  cyclic  voltammograms  at  10  mV  s  1  of  the  QPVP-Os-laccase  film  coated 
carbon  electrode  in  (1)  deoxygenated  and  (2)  oxygenated  pH  5.5  0.10  M  phosphate 
buffer. 

laccase  composite  film  exhibited  exactly  as  expected  for  a  highly 
reversible  surface  confined  redox  couple  [30].  The  width  of  the 
peaks  at  half-height  was  ~  170  mV.  This  was  much  wider  than  the 
theoretical  width  of  90.6  mV  for  an  ideal  Nernstian  one-electron- 
transfer  reaction,  indicating  that  there  is  considerable  repulsive 
interaction  in  the  film  because  of  the  high  density  of  positive 
charges  from  the  polymer  backbones  and  the  osmium  redox 
pendants  [31].  The  peak  currents  were  found  to  be  linear  with  the 
potential  scan  rates  up  to  500  mV  s'1  and  the  ratio  of  the  anodic  to 
the  cathodic  charge,  obtained  by  integrating  the  current  peaks  at 
slow  scan  rates,  was  close  to  theoretical,  showing  that  both  the 
transport  of  electrons  and  counter-ions  within  the  film  were  rapid 
[30].  Deviation  from  linearity,  accompanied  by  a  tailing  current  was 
observed  only  at  very  high  scan  rates  and  for  thick  films.  The 
surface  charge  density,  obtained  by  integrating  either  the  reduction 
or  the  oxidation  peak,  gave  similar  values  of  3.8  x  10-10  to 
2.1  x  10~8  mol  cm-2  for  the  electroactive  centers  on  the  electrode 
surface.  The  corresponding  film  thickness,  determined  by  field 
emission  scanning  electron  microscopy,  was  in  the  range  of  6.0- 
540  nm.  When  the  number  of  the  applied  square  waves  was  less 
than  200,  there  was  a  linear  correlation  between  the  film  thickness 
and  the  number  of  the  applied  square  waves.  The  presence  of  lac¬ 
case  in  the  film  did  not  appreciably  alter  the  electrochemistry  of  the 
redox  polymer.  At  low  scan  rates,  the  two  waves  almost  mirrored 
each  other;  the  separations  of  their  peak  potentials  (AEp)  were  less 
than  10  mV  and  close  to  the  nil-value  characteristic  of  a  strongly 
adsorbed  reversible  redox  couple  [30].  This  much  smaller  AEp  is 
another  indication  that  the  electron-transfer  rate  within  the  film 
and  the  electron  exchange  rate  between  the  film  and  the  substrate 
electrode  is  very  fast  and  this  paves  the  way  for  the  development  of 
a  highly  efficient  cathode  for  the  enzymatic  biofuel  cells.  On  the 
contrary,  in  the  much  thicker  solvent-cast  and  chemically  cross- 
linked  films,  the  peaks  of  the  reduction  and  oxidation  branches  of 
the  voltammogram  were  separated  by  >50  mV  [32,33].  Further¬ 
more,  excellent  mechanical  strength  of  the  deposited  film  was 
observed  and  this  is  attributed  to  the  electrochemical  crossing¬ 
linking,  akin  to  that  of  polymer-based  plastic  materials  by  cross- 
linking  through  covalent  bonds. 

3.2.  Electrocatalytic  reduction  of  O2 

As  demonstrated  in  previous  reports,  the  reduction  of  O2  is 
mediated  by  the  osmium-bipyridine  complex-based  redox  poly¬ 
mers  [32-34].  Upon  oxygenation  of  the  phosphate  buffer  at  1.0 
O2  atm,  a  typical  catalytic  reduction  wave  was  obtained  and  the 
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oxidation  peak  of  the  redox  polymer  was  completely  eliminated 
(Fig.  3),  indicating  a  highly  efficient  catalytic  reaction  [30].  The 
redox-active  Os(II)/(III)  moieties  in  the  deposited  film  act  as  artifi¬ 
cial  electron  donors  in  place  of  phenolic  compounds  for  laccase  and 
electron  shuttles  between  the  substrate  electrode  and  laccase,  as 
illustrated  in  Scheme  1.  The  electroreduction  of  02  commenced  at 
~0.70  V  (the  redox  potential  of  the  reversible  O2/H2O  couple  at  pH 
5.5)  and  reached  its  maximum  at  0.58  V,  the  most  anodic  02 
reduction  potential  amongst  enzymatically  catalyzed  02  electro¬ 
reduction  [1-3].  The  absence  of  the  oxidation  wave  in  the  vol- 
tammogram  at  this  scan  rate  (10  mV  s-1)  showed  that  the  film  is 
homogeneously  maintained  in  the  reduction  state  by  the  transfer  of 
electrons  from  the  redox  centers  of  laccase  to  the  Os(III)  complex  in 
the  redox  polymer.  Supportive  evidence  was  found  from  the  very 
low  hysteresis  between  the  forward  and  the  reverse  scan.  In 
addition,  the  reproducibility  of  the  02  electroreduction  current  was 
found  to  be  >90%  among  the  films  from  different  batches. 

Unlike  the  homogeneous  solution  reaction,  the  laccase- 
catalyzed  02  electroreduction  is  highly  localized;  it  only  occurs  at 
the  redox  polymer-laccase  composite  film  on  the  electrode.  As  the 
four-electron  laccase-catalyzed  reduction  of  02  involves  a  cascade 
of  events  and  several  intermediates  including  H2O2  and  O2-* 
[35,36],  these  intermediates  might  diffuse  away  from  the  electrode 
before  being  reduced  to  the  final  product  water.  The  “production” 
of  the  intermediates  might  compete  with  the  desired  four-electron 
reduction.  The  possibility  of  the  intermediate  production  was 
tested  using  a  rotating  ring  and  disk  electrode  having  an  inner 
redox  polymer-laccase  composite  film  coated  glassy  carbon  disk 
electrode  and  an  outer  platinum  ring  electrode.  If  H202  and  O2-* 
were  produced  on  the  coated  glassy  carbon  disk  electrode,  it  would 
have  been  detected  at  the  platinum  ring  poised  at  1.0  V;  the  H2O2 
and  O2-*  being  electrooxidized  to  02  at  the  platinum  ring  at  this 
potential.  When  02  was  reduced  on  the  glassy  carbon  disk  electrode 
at  increasing  current  densities  from  1.0  to  10  mA  cm-2,  only 
negligible  current  was  detected  at  the  platinum  ring  electrode  and 
it  remained  unchanged  throughout  the  experiment,  suggesting  that 
neither  H2O2  nor  O2-*  is  produced  in  the  laccase-catalyzed  four- 
electron  O2  electro  reduction.  Moreover,  after  10  h  of  02  electro¬ 
reduction  at  2.0  mA,  the  presence  of  H2O2  in  the  10  mL  phosphate 
buffer  was  tested  with  a  standard  colorimetric  T^'.S.S'-tetrame- 
thylbenzidine-horseradish  peroxidase  (TMB-HRP)  method  [37]. 
H2O2  was  not  detected  at  >1.0  pM,  the  detection  limit  of  the  TMB- 
HRP  method. 


3.3.  Optimization 

The  optimal  composition  of  the  depositing  solution  was  deter¬ 
mined  for  electrodes  rotating  at  2500  rpm  and  potential  poised  at 
0.58  V.  Fig.  4A  shows  the  dependence  of  the  deposition  of  the  redox 
polymer-laccase  composite  film  on  the  concentration  of  the  redox 
polymer  in  the  depositing  solution.  Good  deposition  of  the 
composite  film  was  observed  through  the  0.75-2.5  mg  mL-1  range. 
Therefore,  the  polymer  concentration  was  fixed  at  1.0  mg  mL-1  for 
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Fig.  4.  (A)  The  dependence  of  the  02  electroreduction  current  density  on  (1)  the 
concentration  of  QPVP-Os  (laccase  concentration  was  fixed  at  2.0  mg  mlr1)  and  (2) 
laccase  (QPVP-Os  concentration  was  fixed  at  1.0  mg  mL-1).  (B)  The  effect  of  solution  pH 
on  the  electroreduction  current  density  of  02  of  the  redox  polymer-laccase  composite 
film.  1  atm  02  in  the  pH  5.5  phosphate  buffer  at  37  °C,  poised  potential  0.58  V. 


the  co-deposition  of  the  redox  polymer  and  laccase.  As  shown  in 
Fig.  4A,  the  concentration  of  laccase  in  the  depositing  solution  also 
has  a  profound  effect  on  the  electroreduction  of  02.  From  0.10  to 
0.50  mg  mL-1,  the  current  density  increased  with  the  weight 
percentage  of  laccase,  reaching  6.2  mA  cm-2  in  the  range  of  0.50- 
2.0  mg  mL-1.  Above  2.0  mg  mL-1,  the  current  density  declined 
sharply  and  some  precipitate  in  the  depositing  solution  appeared 
when  >3.0  mg  mL-1  laccase  was  used.  The  precipitation  is  likely 
due  to  the  formation  of  neutral  electrostatic  adducts  between  the 
anionic  laccase  and  the  cationic  redox  polymer  in  the  pH  7.4 
phosphate  buffer. 

The  effect  of  pH  on  the  electroreduction  current  density  of  02 
was  also  studied  in  the  phosphate  buffer  for  the  electrode  rotating 
at  2500  rpm  and  its  potential  poised  at  0.58  V.  The  pH  values  of  the 
phosphate  buffer  were  adjusted  by  adding  appropriate  amounts  of 
0.10  M  phosphoric  acid  and  sodium  hydroxide  as  needed,  respec¬ 
tively.  As  shown  in  Fig.  4B,  the  current  density  increased  with 
increasing  pH  from  3.0  to  5.0,  plateaued  in  the  range  of  5.0-6.0,  and 
then  declined  precipitately  above  pH  6.0.  There  was  no  irreversible 
change  in  the  current  characteristics  between  pH  3.0  and  8.0; 
below  pH  3.0  and  above  pH  10,  the  electrode  was  irreversibly 
damaged  quickly.  Practically,  there  was  no  difference  in  the 
maximum  current  density  attained  when  0.10  M  pH  5.5  phosphate, 
acetate,  or  citrate  buffer  was  used. 

The  energy  level  of  the  electron  in  the  carbon  electrode  is 
exclusively  determined  by  the  potential  applied  to  it.  When 
a  sufficiently  reducing  potential  is  applied,  the  electron  exchange 
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Fig.  5.  (A)  The  electroreduction  of  02  at  the  electrodeposited  redox  polymer-laccase 
composite  film  coated  carbon  electrode  rotating  at  (1)  1000,  (2)  5000,  and  (3) 
10,000  rpm.  (B)  Levich  plots  for  rotating  electrodes  coated  with  (1)  the  electro- 
deposited  and  (2)  the  chemically  cross-linked  redox  polymer-laccase  films,  respec¬ 
tively.  1  atm  02  in  the  pH  5.5  phosphate  buffer  at  37  °C,  poised  potential  0.58  V. 

rate  at  the  redox  polymer-laccase  film/carbon  electrode  interface 
is  very  rapid  and  it  can  never  be  the  rate-limiting  step.  Therefore, 
the  rate-limiting  step(s)  must  be  one  of  the  following:  (1)  catalytic 
process  at  the  film-solution  interface,  (2)  charge  transfer  process 
within  the  film,  or  (3)  mass-transport  process  in  the  solution.  If  the 
electroreduction  of  O2  is  controlled  solely  by  the  mass-transport 
process  in  the  solution,  the  relationship  between  the  limiting 
current  (i'l)  and  the  rotating  speed  of  the  electrode  should  obey  the 
Levich  equation  [30]: 

iL  =  0.620 nFAD2/3v-^6u2C  (1) 

where  D,  v ,  w  and  C,  are  respectively  the  diffusion  coefficient,  the 
kinetic  viscosity,  the  rotating  speed  of  the  electrode  and  the  bulk 
concentration  of  the  reactant  in  solution.  The  other  symbols  have 
their  usual  meanings.  According  to  the  Levich  equation  (1 ),  the  plot 
of  the  limiting  current  density  ii  as  a  function  of  w1/2  should  be 
a  straight  line.  Fig.  5B  shows  the  dependence  of  iL  on  w1/2  of  the 
rotating  electrode  up  to  the  upper  limit  of  10,000  rpm  of  the  rotator 
with  a  current  density  of  ~11  mA  cm-2  (the  highest  among  the 
reported  values  for  the  enzyme-catalyzed  electroreduction  of  O2 
[1-3]).  Indeed,  iL  increased  linearly  with  w1/2,  in  accordance  with 
the  Levich  equation  (1),  indicating  that  the  charge  transfer  process 
is  very  fast.  The  deposited  film  has  excellent  catalytic  power  for  the 
electroreduction  of  O2  and  the  O2  electroreduction  process  is 
entirely  controlled  by  the  transport  of  O2  in  solution  under  1  atm  O2 
when  the  electrode  was  poised  at  potential  <  0.58  V  (>120  mV 
more  reducing  than  that  of  the  reversible  O2/H2O  couple). 


Unfortunately,  the  low  concentration  of  O2  prevented  us  from 
looking  at  the  effects  of  the  other  two  processes.  This  excellent 
catalytic  power  of  the  redox  polymer-laccase  composite  film  at  the 
least  reducing  potential  is  probably  attributed  to  the  high 
Os(dcbpy)2+/3+  loading  (25%)  and  the  absence  of  a  cross-linking 
agent  which  produces  the  highest  possible  density  of  the  osmium 
redox  centers  for  highly  efficient  conduction  of  electrons.  In 
contrast,  when  the  chemically  cross-linked  redox  polymer-laccase 
composite  film  was  tested  under  the  same  conditions,  the  current 
density  continued  to  increase  with  w1^2,  but  no  longer  linearly  for 
a)  >  4000  rpm,  until  it  reached  the  kinetic  limit  of  ~9.2  mA  cm-2. 
Now,  the  02  electroreduction  is  limited  by  the  electron-transfer 
process  within  the  redox  hydrogel  film.  Similar  observations  have 
been  reported  [38,39].  Continuous  testing  of  the  rotating  electrode 
at  2500  rpm  for  24  h  showed  little  loss  due  to  wear  and  tear. 
Moreover,  the  redox  polymer  composite  film  showed  no  loss  of  its 
catalytic  power  after  six  months  of  dry  storage  at  -20  °C.  On  the 
other  hand,  unlike  the  bilirubin  oxidase-based  catalytic  systems 
[11,39-41],  besides  the  pronounced  effect  from  pH  as  discussed 
above,  chloride  was  found  to  poison  the  composite  film.  For 
example,  the  current  density  declined  by  ~38%  when  0.15  M 
chloride  was  added  to  the  pH  5.5  0.10  M  phosphate  buffer. 

4.  Conclusion 

The  experimental  results  reported  herein  demonstrate  the 
feasibility  of  fabricating  an  O2  cathode  by  electrochemically  co¬ 
depositing  the  osmium  containing  redox  polymer-laccase 
composite  film  onto  carbon  electrode  under  mild  conditions. 
Since  the  deposition  is  only  restricted  to  the  electrode  surface,  it  is 
an  effective  procedure  for  the  selective  deposition  of  the  composite 
film  and  incorporation  to  microbiofuel  cells.  The  co-deposition  of 
laccase  in  the  redox  polymer  leads  to  electrical  wiring  of  the 
enzyme  and  the  formation  of  an  O2  electroreduction  catalyst.  The 
osmium  complex  in  the  composite  film  efficiently  mediates  the 
electron  transfer  from  laccase  to  the  substrate  electrode,  thus 
allowing  the  four-electron  reduction  of  O2  to  water  at  a  current 
density  as  high  as  11  mA  cnrT2  with  good  stability.  The  application 
of  the  developed  O2  cathode  in  biofuel  cells  is  currently  underway. 
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